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Magnetoresistance measurements in p-type Pb1−xEuxTe alloys, for x varying from 0% up to 5%, have been
used to investigate localization and antilocalization effects. These are attributed to both the spin-orbit scattering
and to the large Zeeman splitting present in these alloys due to the large values of the effective Landé g factor.
The magnetoresistance curves are analyzed using the model of Fukuyama and Hoshino, which takes into
account the spin-orbit and Zeeman scattering mechanisms. The spin-orbit scattering time is found to be
independent of the temperature, while the inelastic-scattering time increases with decreasing temperature
suggesting the electron-phonon interaction as the main scattering mechanism.
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I. INTRODUCTION

PbTe is a narrow gap semiconductor which exhibits inter-
esting properties that differentiate it from other
semiconductors.1–8 It is widely used in detectors and sensor
devices operating in the range of visible to infrared radiation.
PbTe is a multivalley direct-gap semiconductor with a Fermi
surface consisting of four equivalent ellipsoids of revolution
with energy minima at the L point of the Brillouin zone. The
large dielectric constant9 ���1350 at 4.2K� produces an ef-
fective screening against ionized impurities and defects re-
sulting in bulk samples with very high mobility that can
exceed 102 m2 /V s at low temperatures.10 The large dielec-
tric constant has also been shown to modify significantly the
electron localization and phase breaking mechanisms.11 In
addition, the physics is further enriched by the large value of
the Landé g factor and the small effective mass; both of
which display considerable anisotropy. Such properties make
PbTe an interesting material for possible applications in spin-
tronics. Recently, PbTe was suggested for use as a spin
filter12 since the large value of the Landé g factor should
permit such devices to operate at low magnetic fields.

Generally, PbTe films are grown on BaF2 substrates, re-
gardless of the 4% lattice mismatch between both materials
at room temperature. Due to this mismatch, the growth starts
nucleating islands and changes to the layer-by-layer mode
following the islands coalescence �after �0.1 �m�.
PbTe /BaF2 films thicker than 3 �m are usually relaxed. At
room temperature, the thermal-expansion coefficients of
PbTe and BaF2 are very close ��2�105 K−1�. However,
they start to deviate from each other as the temperature is
lowered. At 10 K, the thermal-expansion coefficient of BaF2
is 1 order of magnitude smaller than that of PbTe. Conse-
quently, a tensile strain up to 1.7�10−3 can be introduced in
the plane of the PbTe film, when cooling the PbTe /BaF2
system from 300 down to 4 K. This strain causes a lifting of

the fourfold degeneracy of the L states.3 Since the films are
grown in the �111� direction, the valley with its main axis
oriented along this direction �longitudinal valley� is shifted
downward in energy by around 5 meV, with respect to the
other three oblique valleys.11 As a consequence, for an
n-type PbTe film, the three oblique valleys can suffer a de-
population with electrons migrating to the longitudinal
valley.13 In the case of p-type samples the inverse occurs,
with holes migrating from the longitudinal to the oblique
valleys.4 For high carrier concentrations or high tempera-
tures, all valleys will be occupied, i.e., when the Fermi level
is larger than �5 meV.

The introduction of Eu2+ ions to form the Pb1−xEuxTe
alloy drastically changes the optical and electrical properties
in the semiconductor.14 The energy gap increases, while the
carrier mobility is reduced, as the Eu content is augmented.
The increase in the Eu content also reduces the value of the
Landé g factor for holes and electrons.15 However, this re-
duction is larger for the conduction band than for the valence
band. For this reason, we expect to observe a stronger spin
splitting, due to the Zeeman effect ��g�BB�, in p-type than
in n-type samples for a given Eu concentration.

The disorder resulting from the inclusion of Eu ions dras-
tically reduces the carrier mobility through short-range alloy
scattering. This disorder also gives rise to a weak localiza-
tion, which results from the quantum interference between
the partial carrier wave functions. Weak localization mani-
fests itself at low temperatures as a negative magnetoresis-
tance, which indicates a delocalization of carriers when a
weak magnetic field is applied.16

In this paper, we present results from magnetotransport
measurements on p-type Pb1−xEuxTe alloys with x varying
from 0% up to 5%. All samples present a metallic behavior,
except the sample with x=5%, which is on the border of the
metal-insulator transition. The measured magnetoresistance
curves are characterized by a positive magnetoresistance at
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low magnetic fields, which indicate the presence of antilo-
calization, and a negative magnetoresistance at higher fields,
indicating the presence of localization. We show that the
spin-orbit scattering together with the huge value of the
Landé g factors are responsible for the antilocalization effect.
Despite the large value of the spin of the Eu2+ ions �S
=7 /2�, the effect of magnetic scattering is found to be neg-
ligible in our samples. To fit the magnetoresistance curves,
we use the model developed by Fukuyama and Hoshino17

that takes into account the Zeeman and spin-orbit contribu-
tions to the localization. Fitting our magnetotransport data,
we were able to extract the temperature dependence of
inelastic- and spin-orbit scattering times.

II. SAMPLE GROWTH

The measurements were performed on films of p-type
Pb1−xEuxTe with x varying from 0% up to 5%. The samples
were grown in a Riber 32P molecular-beam epitaxy �MBE�
system onto freshly cleaved �111� BaF2 substrates. The films
were grown at a substrate temperature of 208.5 °C during 2
h, with a deposition rate of 3.9 Å /s, resulting in a 2.8 �m
layer thickness. Three effusion cells with PbTe, Eu, and Te2
were used to grow the samples. Pb �Te� vacancies in PbTe
crystals act as acceptors �donors�; therefore it is possible to
control the concentration and the type of carriers through the
chalcogen source flux variation. To provide a p-type sample,
an excess of Te2 was maintained during the growth. The flux
rates from the individual effusion cells were measured with
an ion gauge, which is mounted on the sample manipulator
and can be rotated to the substrate growth position. To obtain
crystals with different Eu contents, the ratio between the
PbTe and Eu flux rates was varied.

Epitaxial growth on BaF2 always starts in the three-
dimensional Voellmer-Weber mode. However, the coales-
cence of the PbTe islands starts already at a layer thickness
of 100 Å and at 1000 Å a uniform and extremely smooth
overlayer has formed.18 For our samples, which are a few
microns thick, we do not expect defects in the thin layer
close to the substrate to play a significant role in the electri-
cal transport properties.

III. EXPERIMENTAL RESULTS

For the resistance measurements, a van der Pauw geom-
etry was used. For each sample, an average of the permuta-
tions between the contacts was made and the geometric fac-
tors fa and fb were calculated.19 The values found are in the
range 0.85–0.95 indicating the good quality of the contacts
�ideal contacts have fa= fb=1�. For the magnetoresistance
measurements, we have averaged over the magnetic field di-
rections using Rxx= �R�B�+R�−B�� /2 to eliminate any Hall
component.

Figure 1 presents the resistance of the p-type Pb1−xEuxTe
samples normalized at 140 K, for x varying from 0% up to
5%, as a function of the temperature. According to this fig-
ure, it is clear that the system behaves like a metal for x
values up to 4%, i.e., the resistance decreases as the tempera-
ture is lowered. The behavior of the resistance of the x

=5% sample as a function of temperature, which increases
and decreases as the temperature is lowered, is an indication
that this sample is at the border of the metal-insulator tran-
sition.

One can obtain additional information about the conduc-
tion regime by analyzing the product kFl, where kF
= �3�2p /N�1/3 is the Fermi wave number �N is the number of
valleys� and l=�kF� /e is the mean-free path. According to
the classical Boltzmann conductivity, for kFl�1 the system
should behave like a metal. With kFl�1, the system is at the
boundary of the metal-insulator transition. For kFl�1, there
is no longer diffusion and the system must behave like an
insulator. In fact at 10 K, the value of kFl for our samples
varies from 2836 for x=0 down to 0.7 for x=5%. This agrees
with the behavior observed in Fig. 1. In Table I we summa-
rize the electrical properties of the samples presented in Fig.
1. The Fermi energy calculated here, assuming a spherical
Fermi surface, differs by less than 3% from the value for the
anisotropic PbTe Fermi surface calculated from Eq. �14� in
Ref. 13. The general trend observed is that the addition of Eu
causes a rapid decrease in the mobility and in kFl. The hole
concentration generally decreases with increasing Eu con-
tent, however, there are some fluctuations which may be
caused by involuntary variations in the growth conditions or
thermal cycling during measurements. Due to the nonsys-
tematic variation in certain parameters with Eu content, care
should be taken when comparing results from different
samples. However, conclusions drawn for the inelastic- and

TABLE I. Eu concentration x, hole concentration p, carrier mo-
bility �, product kFl, and Fermi energy EF for the p-type
Pb1−xEuxTe samples at 10 K.

x
�%�

p
�m−3�

�
�m2 /V s�

kFl EF

�meV�

0 1.2�1023 182 2836 20.6

1 3.1�1023 3.4 99.4 31.8

2 1.1�1023 0.82 11.7 13.5

3 8.1�1021 0.98 2.5 2.1

4 1.6�1022 0.88 3.6 2.8

5 1.3�1021 0.90 0.70 0.5

FIG. 1. �Color online� Normalized resistance of the p-type
Pb1−xEuxTe films �normalized by resistance at 140 K�, for x varying
from 0% up to 5%, as a function of the temperature.
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spin-orbit scattering times for a given sample remain valid. It
is important to note that the Fermi energy is lower than 5
meV for x values higher than 2%. This indicates that for x
=3%, 4%, and 5%, only the three oblique valleys contribute
to the transport due to the strain effect at low temperatures
�see Sec. I�.

In order to investigate the transport properties of the
p-type Pb1−xEuxTe films, we have performed magnetoresis-
tance measurements. The magnetoresistance curves have
both a classical contribution ���2B2� and a quantum correc-
tion due to the interference of the partial-wave functions of
the carriers. To emphasize the quantum corrections of local-
ization and antilocalization, we have subtracted the classical
contribution from the experimental data using the mobilities
presented in Table I. In addition, any linear Hall component,
which is an odd function of the magnetic field, has been
removed by averaging the forward and reverse magnetic field
data points. The magnetoresistance obtained with this proce-
dure measured at 4.2 K is presented in Fig. 2. For the sample
with x=0 �not shown�, which has a very high mobility, only
the classical contribution is observed, since this sample is
almost disorder free. The introduction of Eu ions in the sys-
tem increases the disorder, which enables the observation of
the quantum-mechanical interference effects.

For x=1%, a positive magnetoresistance can be observed
at low fields, with a maximum at 0.25 T followed by a strong
negative magnetoresistance. This indicates that even for low
Eu concentrations, the disorder is high enough to cause
antilocalization/localization. As the Eu concentration is in-
creased, the maxima in the magnetoresistance shift to higher
fields, reaching a maximum for x=3% at 1.85 T �see inset in
Fig. 2�. A further increase in the Eu content strongly reduces
the carrier mobility, reducing the observed positive magne-
toresistance. The sample with x=5% is closed to a metal-
insulator transition and others mechanisms could influence
the magnetoresistance. For x values higher than 7% the sys-

tem lies in the insulating regime, the carriers motion is no
longer diffusive, and the transport properties must be ana-
lyzed using a more appropriate theory. To be able to analyze
the antilocalization/localization, we restrict our studies to
samples with low Eu concentration where the system still
behaves like a metal.

IV. SCATTERING MECHANISMS AND THEORETICAL
MODEL

Since Eu ions have a half-filled 4f shell with spin S
=7 /2, spin-disorder scattering might be important in alloys
containing Eu ions. In such a situation, the exchange inter-
action between the spin of the carriers and the Eu-localized
magnetic moments could destroy the phase coherence of the
partial carrier wave functions, i.e., could change the
antilocalization/localization scenario. The spin-disorder scat-
tering can be characterized by two parameters: the spin-flip
�	s

t� and non-spin-flip �	s
z� scattering times.20 We have esti-

mated 	s
t and 	s

z for the sample with x=4% to verify the
effect of the spin-disorder scattering on these alloys using20

1

	s
t =

1

2

2�N�EF�
�

x
J2 �/2
sinh2��/2�

�Sz�

and

1

	s
z =

2�N�EF�
�

x
J2�Sz
2� ,

where N�EF� is the density of states at the Fermi energy,

 is the average atomic volume, J is the exchange
integral, �= �g�BB� / �kBT�, �Sz�=SBS�S��, �Sz

2�=S�S+1�
− �Sz�coth�� /2�, and BS�S�� is the spin-S Brillouin function.
We estimated the scattering times for the sample with x
=4% since it has the highest Eu concentration and is there-
fore the most likely sample to present spin-disorder scatter-
ing, but it is still far enough from the metal-insulator transi-
tion region. Using J=25�10−3 eV,21 g=14.5 �for the three
oblique valleys in the valence band�, we obtain values of
around 10−10 s for 	s

t and 	s
z. These values are 1 to 2 orders

of magnitude larger than the inelastic-scattering times ob-
tained from the data analysis presented in Sec. V, indicating
that for our samples this mechanism is not important for the
scattering process.

Having eliminated spin-dependent scattering, we now
consider the contribution of spin-orbit and Zeeman effects to
the scattering, using the model proposed by Fukuyama and
Hoshino,17

��B,T�
A

= �hF	1 + t

h

 +

1

2
� h

1 − �
�F	 t+

h

 − F	 t−

h

�

−
1

�1 − �
��t− − �t+� + �t − �t + 1, �1�

where

A =
�3e2

2�2l�
� 	

	so
, h = 	 l

lB

2	 	so

3	

, t =

	so

4	i
,

FIG. 2. �Color online� Magnetoresistance at T=4.2 K for x
varying from 1% up to 5% where weak antilocalization �positive
magnetoresistance� and weak localization �negative magnetoresis-
tance� due to quantum interference effects are observed. The inset
shows an extended magnetic field range for the sample with x
=3%.
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� = 	1

2

g�BB	so

�

2

, t� = t +
1

2
�1 � �1 − �� .

l is the mean-free path, lB=�� /eB is the magnetic length, 	,
	i, and 	so are the elastic-, inelastic-, and spin-orbit scattering
times, respectively. F�x� is Kawabata’s22 function given by

F�x� = 
N=0

� �2��N + 1 + x − �N + x� −
1

�N + 1
2 + x

� . �2�

The above function �Eq. �2�� can be applied under the con-
ditions

	��c

EF

 � 1, �c	 � 1, �eB

�
l � 1. �3�

According to Eq. �1�, the model requires that ��1. The
Landé g factor for p-type PbTe is very large �gl=51 and gt
=16 along and perpendicular to the main ellipsoid axis, re-
spectively�. The introduction of the Eu ions modifies the g
factor due to the exchange interaction. The longitudinal
value gl decreases, reaching 23.8 for x=5%, while the trans-
verse value gt remains approximately constant.15 These large
values for the g factor limit our analysis to low magnetic
fields in order to satisfy the condition ��1.

In the case of PbEuTe films, we must consider the contri-
bution of the four valleys to the magnetoresistance. Consid-
ering that the contribution from the three oblique valleys are
equivalent, we can rewrite Eq. �1� as follows:

��B,T� = �1�B,T� + 3�2�B,T� . �4�

In Eq. �4�, �1�B ,T� is the longitudinal valley contribu-
tion and �2�B ,T� is the contribution of each oblique valley.

V. ANALYSIS AND DISCUSSION

Having established that the magnetic scattering due the
Eu ions can be neglected for the p-type PbEuTe samples
investigated, we use the model of Fukuyama and Hoshino,
which takes into account the spin-orbit and the Zeeman scat-
tering mechanisms, to fit the experimental magnetoresistance
data. As an example, we have chosen the sample with x
=2%, since it is far from the insulator region �kFl�1� and
presents localization and antilocalization effects as can be
seen in Fig. 2. The fitting was performed using Eq. �4� and
the results are presented in Fig. 3�a� for the temperatures in
the range 1.4–3.7 K. The conditions described in Eq. �3� are
well satisfied until B�1 T, but the condition ��1 restricts
the fitting to fields below 0.1 T.

Each fitted curve in Fig. 3�a� allows us to extract indepen-
dently two scattering times: 	i and 	so. Hence, from the fit-
ting we can obtain the temperature dependence of the scat-
tering times, which is shown in Fig. 3 for the samples with
2%�x�5%. In this figure, it is possible to observe that for
all samples, 	i �Fig. 3�b�� increases as the temperature de-
creases while 	so �Fig. 4�c�� remains almost constant. A de-
viation from this behavior is observed for the sample with
x=5% probably due to the fact that this sample is close to the
metal-insulator transition. At low temperature, 	i becomes

longer than 	so, at least for x=2%. This indicates that the
spin-orbit coupling mechanism is dominant and we should
observe a positive magnetoresistance enhancement. Indeed,
such a behavior is observed in the experimental curves
shown in Fig. 3�a�. The increase in the inelastic-scattering
time �	i� as the temperature decreases suggests that the pho-
non scattering may be the main inelastic-scattering mecha-
nism at low temperatures in p-type Pb1−xEuxTe alloys.

The theoretical prediction for electron-phonon scattering
is 	i�T−3 for kFl�1 �pure metals� �Refs. 23 and 24� and
	i�T−2 in the presence of disorder kFl�1.16 As seen in Fig.
4, for x=2%, a fitting of 	i according to T−� gives 	i�T−2.2,
which is in good agreement with theory. The slightly larger
experimental value obtained for � may be caused by the
anisotropy of the valleys. The electron-electron-scattering
time is estimated25 to be �4.5�10−10 s so that the main
scattering mechanism is due to phonons in our samples.

FIG. 3. �Color online� �a� Fitting to the magnetoresistance
curves for x=2% using Eq. �4�. �b� and �c� Extracted inelastic �	i�
and spin-orbit �	so� scattering times as a function of the
temperature.

FIG. 4. �Color online� Apparent logarithmic plot of the inelastic-
scattering time �	i� as a function of temperature for the sample with
x=2%. The dashed line is a linear fit showing the expected T−� law
with �=2.2
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VI. CONCLUSIONS

We have performed magnetoresistance measurements in
p-type Pb1−xEuxTe alloys, for x varying from 0% up to 5%.
In contrast to electrons in n-type films, the hole carriers in
p-type samples exhibit antilocalization effects. This is
mainly attributed to the larger effective g factors in p-type
samples when Eu magnetic ions are introduced. Even though
the Eu ions have a large spin �S=7 /2�, the scattering by
magnetic impurities seems to be irrelevant. It is possible to
describe the magnetoresistance curve behavior using Fuku-
yama’s model that takes into account the spin-orbit and Zee-

man effect scattering mechanisms. The obtained spin-orbit
scattering time is independent of the temperature, while the
inelastic-scattering time increases as the temperature de-
creases, suggesting that the main scattering mechanism origi-
nates from electron-phonon interaction.
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